Introduction
Innate immune responses are an essential first-line defense against infection and other perturbations, but regulation of these responses is needed to avoid direct tissue damage. Therefore, increased inflammatory signals, especially in chronic settings, can trigger multiple layers of immune regulation that help in preventing self-tissue injury due to hyperinflammation. Type 1 diabetes (T1D) is attributed in part to the exacerbated innate immune activity that has been characterized by early elevation of proinflammatory cytokines, which contribute to subsequent activation of self-reactive islet-specific T cells (1) (2) (3) (4) . But the nature of the chronic innate signals and altered regulation of this response at later stages likely also contributes to autoimmune pathogenesis and is currently not well defined. The two main categories of innate immunity, IL-1 and type I IFN (IFN-I), elicit different responses and can counterregulate each other.
IFN-I has been shown to be an early pathogenic signal in T1D that contributes to breaking self-tolerance (5) . However, less is understood about the role of IFN-I at the later prediabetic and new-onset phases of disease that may be more relevant for therapeutic intervention. Because peripheral antigen-presenting cells (APCs) are more likely to be targeted with antigen for tolerogenic treatment, it is important to understand the systemic changes in APC innate responsiveness. We have recently shown that DCs from prediabetic 8-to Type I IFN (IFN-I) dysregulation contributes to type 1 diabetes (T1D) development, and although increased IFN-I signals are pathogenic at the initiation of autoimmune diabetes, IFN-I dysregulation at later pathogenic stages more relevant for therapeutic intervention is not well understood. We discovered that 5 key antigen-presenting cell subsets from adult prediabetic NOD mice have reduced responsiveness to IFN-I that is dominated by a decrease in the tonic-sensitive subset of IFN-I response genes. Blockade of IFNAR1 in prediabetic NOD mice accelerated diabetes and increased Th1 responses. Therefore, IFN-I responses shift from pathogenic to protective as autoimmunity progresses, consistent with chronic IFN-I exposure. In contrast, IL-1-associated inflammatory pathways were elevated in prediabetic mice. These changes correlated with human T1D onset-associated gene expression. Prostaglandin E2 (PGE2) and prostaglandin receptor 4 (PTGER4), a receptor for PGE2 that mediates both inflammatory and regulatory eicosanoid signaling, were higher in NOD mice and drive innate immune dysregulation. Treating prediabetic NOD mice with a PTGER4 antagonist restored IFNAR signaling, decreased IL-1 signaling, and decreased infiltration of leukocytes into the islets. Therefore, innate cytokine alterations contribute to both T1D-associated inflammation and autoimmune pathogenesis. Modulating innate immune balance via signals such as PTGER4 may contribute to treatments for autoimmunity.
10-week-old NOD mice display muted IFN-I gene expression (6) , despite increased levels of IFN-I. Increased IFN-I-inducible gene expression is associated with the earliest stages of T1D pathogenesis, defined in humans by the initial appearance of islet autoantibodies in the serum and in mice by initiation of insulitis (7) . But surprisingly, this effect is transient, as it is not found in patients with established T1D or older 8-to 10-week-old NOD mice, despite their higher IFN-I levels (6, 8) . Determining how this chronically elevated IFN-α/β and reduced cellular IFNAR response contribute to the loss of regulation that drives pathogenesis will help define how to modulate innate signals for disease intervention at the prediabetic and new-onset phases. At later stages of chronic autoimmunity, the role IFN-I responses is less clear and could be important for maintaining self-tolerance, as shown for multiple sclerosis (9) . In this regard, to prevent T1D development or to delay the pathogenesis a better understanding of the mechanisms underlying the altered innate responses is needed. Specifically, measuring innate mediators without exogenous stimulation (baseline) to focus on chronic signals and determining defective counterregulation during later stages of chronic innate activation can inform how modulation of these signals could restore a normal cytokine balance to limit autoimmune pathology.
In parallel with this impaired IFNAR response, endogenous ligands for innate receptors, such as TLRs, RIG-I-like helicases (immunoreceptors for viral RNA), and nucleotide-binding oligomerization domainlike receptors (NLRs), can enhance inflammatory responses and pathogenesis in T1D (10) (11) (12) . Elevated inflammatory responses have been demonstrated by the transcriptome analysis of whole blood and immune cells as well as through increased circulating proinflammatory cytokines, such as TNF-α, IL-6, IL-1β, in NOD mice and patients at onset of T1D (13) (14) (15) (16) . IL-1 is an important cytokine that enhances adaptive immune responses by inducing Th1 and Th17 differentiation and proliferation, and the IL-1 gene has been implicated in risk for T1D development (17) . Circulating monocytes from T1D patients spontaneously produce more IL-6 and IL-1β and induce more Th17/Th1 cells (18) . Although antagonism of IL-1 showed improved glycemic control and β cell function in T2D (19) , in T1D, blockade of IL-1 failed to significantly alter clinical symptoms of T1D (20, 21) but did quench the IL-1 gene expression signature associated with new-onset T1D. However, NOD mice deficient in NLRP3, an inflammasome-associated NLR family member that regulates innate inflammation by activating both IL-1 and IL-18 (22) , have limited trafficking of immune cells to the islets and are protected from T1D development (12, 23) . Therefore, blocking IL-1 along with related inflammatory cytokines can block diabetes pathogenesis.
IL-1 is a key signal for induction of prostaglandin E2 (PGE2) synthesis, a critical signal for protection against bacterial infections such as Mycobacterium tuberculosis (24) . PGE2 interacts with 4 G proteincoupled PGE 2 receptors (EP1-4). PTGS2 (encoding prostaglandin synthase 2/COX2) or PGE2-PTGER4 interactions have been specifically shown to be directly linked with inflammatory responses and diabetes pathogenesis (25) (26) (27) . Both human and mouse studies showed enhanced plasma PGE2 and monocyte-derived COX2 levels before and after the onset of T1D (28) (29) (30) . However, PGE2 can also inhibit NLRP3 activation and reduce IL-1 production in certain conditions of homeostasis, and signals mediated by receptors for PGE2 can be antiinflammatory in some contexts (31, 32) . Therefore, a better understanding of the cross-talk between these pathways in chronic autoimmunity is needed.
In the present study, we separated the IFN-I gene signature from other inflammatory gene signatures at the basal level (tonic signals) for different APC subsets to better understand the regulation (activation/ inhibition) that occurs during the chronic inflammatory prediabetic stage in NOD mice. We found that multiple inflammatory molecules are elevated just prior to the onset of T1D, including PGE2, EP4 (also known as prostaglandin receptor 4 [PTGER4]), and IL-1β, but the IFN-I response is decreased, suggesting a failure in the balance of innate signal. In particular, it is the previously defined tonic-sensitive subset of IFN response genes that were most significantly decreased in NOD APCs. Importantly, treating prediabetic NOD mice with a PTGER4 antagonist restored IFNAR signaling; decreased IL-1, NLRP3, and IFN-γ; and, in fact, caused a significant (P < 0.01) reduction in infiltration of leukocytes into the islets. Therefore, we have identified a signal that can rebalance innate signals in chronic autoimmunity, leading to inhibition of autoreactive T cell differentiation and infiltration. genetic regions. This unexpected finding led us to investigate whether the basal IFN-I-dependent responses are also lower in prediabetic (8-week-old) NOD mice. Consistent with the in vivo CpG-stimulated response, 8-week-old NOD mice had a significantly lower basal IFN-I response. Earlier studies had described higher IFN-I-signature gene (ISGs) in very young NOD mice (33) , and similarly, we measured ISGs in 3-week-old NOD mice that were either similar to or higher than those of 3-week-old B6.g7 mice, showing a shift in the response as diabetes progresses in NOD mice (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.97843DS1). These results are consistent with muted IFNAR signaling in the adult prediabetic NOD mice that could be the results of chronic inflammation associated with altered immune cell activation.
To better define innate alterations present in adult prediabetic NOD mice, we sorted a set of 5 key previously defined spleen APC populations from prediabetic NOD mice (8 weeks old) and age-matched diabetic-resistant B6.g7 mice (34) . These 5 populations represent the 3 major bona fide DC subsets (one subset of conventional DCs [cDC1], a second subset of cDCs [cDC2], and plasmacytoid DC [pDC]) along with monocytes and MHCII monocyte-derived cells (moDCs) (35) . The B6.g7 strain was used as the reference to define genes differentially expressed (DE) either up or down in prediabetic NOD mice for individual APC populations, using >1.5-fold induction and FDR <0.1 as filters (Supplemental Table 1 ). As shown in Figure 1A , the number of DE genes was higher in moDCs than other DC subsets, suggesting these cells may be a central contributor to the autoimmune process. Indeed, NOD mice have more moDCs that produce more TNF-α without exogenous stimulation (34) , and Ingenuity pathway analysis (IPA) downstream effects analysis predicted an increase in inflammatory response functions for moDCs in prediabetic NOD mice compared with those in B6.g7 mice, which in contrast had decreased pDCs ( Figure 1B ). This upregulation of inflammatory pathways was also observed in other key APC subsets.
IPA upstream regulator analysis, which can be used to identify potential key upstream signals that may be driving the observed gene expression changes, identified lower signals mediated by IFNAR and related transcription factors in almost all NOD APC populations ( Figure 1C ). This analysis does not indicate that IFNAR itself has lower expression, and our prior data indicate that IFNAR protein expression levels in some of these APCs are not altered in NOD mice (6) . cDC2, moDCs, and monocytes were equally affected, with lower IFNAR-mediated signaling, but the effect was less evident in pDCs and cDC1. Motif enrichment analysis also identified that the genes expressed at lower levels in NOD DCs were significantly enriched with binding motifs of interferon-regulatory factors ( Figure 1D ). Several signaling branches downstream of IFNAR have been described (33, 36) , including the IFN-γ-activated sequence (GAS) elements that bind STAT1 homodimers and are shared with IFN-γ signaling and canonical IFN-I signaling that uses interferon-stimulated response elements (ISREs). ISRE are specific binding sites for the IFN-stimulated gene factor 3 (ISGF3) complex that controls both expression of IFN-I and ISGs. The ISRE motif was the most significantly enriched within the promoter regions of the downregulated DE genes in 4 APC subsets except pDCs, with highest P values and fold induction. Therefore, the key APC subsets in NOD mice expressed lower levels of ISG, implicating lower IFNAR signaling in 8-to 10-week-old NOD APCs.
The endogenous or tonic IFN-I signal that occurs in the absence of a specific pathogen-associated signal can increase the sensitivity of cell response to acute IFN-I stimulation. Chronic high tonic IFN-I, however, can lead to dysregulated IFN-I responses (37) . To further elucidate the effect of altered IFNAR signaling in NOD APCs, we analyzed the subset of ISGs referred to as tonic sensitive, as defined by Mostafavi et al., that are characterized as the ISGs most sensitive to the baseline activity of the IFN-α receptor (defined as the subset of IFN-α-stimulated genes that are most affected by the absence of IFNAR); additionally, they appear to be highly dependent on the canonical ISGF3-mediated IFNAR signaling. We applied this tonic-sensitive gene list to identify differences in gene expression related to chronically elevated IFN-I exposure among key APC subsets in NOD mice. As shown in Figure 1 , E and F, tonic-sensitive genes were significantly decreased (≈50%) in all NOD APC subsets compared with nondiabetic mice. In contrast, however, NOD APCs had similar or mildly decreased expression of nontonic-sensitive genes ( Figure 1E ), suggesting that diminution of this tonic-sensitive response is responsible for most of the impaired NOD ISG expression. Similar results were obtained when tonic-sensitive gene expression was analyzed from NOD Rag1 -/-mice (Supplemental Figure 2, A and B) . This shows that alteration in the IFNAR signaling is independent of the adaptive immune responses associated with diabetes and suggests that changes in innate signaling may drive the T cell-mediated pathogenesis. Together, these data define the decreased IFN-I response in NOD APCs as focused on the tonic-sensitive ISG subset and dependent on canonical ISRE signals. 
Blockade of IFNAR signaling in adult prediabetic NOD mice increases IFN-γ-producing CD4
+ T cells and accelerates diabetes development. The observed diminution of basal IFN-I response in prediabetic NOD APCs was confirmed by sorting spleen moDCs from NOD and B6.g7 mice and measuring expression of ISGs. This decrease in Irf7, Stat2, and Ifih1 was observed in moDCs at 8-week-old but not 3-week-old mice (Figure 2A ), consistent with our data from whole spleen cells (Supplemental Figure 1) and with other studies showing no decrease in ISGs at early time points (38) . To understand how IFN-I signaling affects pathogenesis in an established autoimmune environment, we treated adult prediabetic NOD mice with anti-IFNAR1 antibody from 6-8 weeks of age. Age-matched control mice received isotype-matched control monoclonal antibody (GIR-208). Diabetes was significantly accelerated and the incidence was higher in NOD mice treated with anti-IFNAR1 ( Figure 2B) . Similarly, anti-IFNAR1 antibody-treated NOD mice showed a significantly higher All replicates were averaged for each gene to obtain the average log2 expression value. Paired t test was performed for each DC subset on the ISG groups by comparing B6.g7 with NOD mice. Data are plotted as mean with 95% confidence intervals. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Figure 3A ). Prior studies showed that IFNAR blocking during the initial break in tolerance (2-4 weeks of age) inhibits diabetes and shifts cytokine production toward IL-4 and IL-10 (5). Therefore, the effect of blocking IFNAR signaling in NOD mice is age dependent and any further decrease of IFNAR signaling in adult prediabetic NOD mice could be detrimental, as this could increase pathogenic T cell responses.
Inflammatory pathways associated with IL-1 are activated in prediabetic NOD APCs. Next, genes with increased expression in NOD APCs were analyzed to identify activated pathways that might also have relevance to diabetes pathogenesis. Several inflammatory pathways were identified as highly activated in NOD cDCs and moDCs, including sphingosine, IL-1, IL-6, NF-κB, eicosanoids, and phospholipase C signaling ( Figure 3A ). Gene set enrichment analysis (GSEA) analysis for all 5 subsets of APCs showed significant enrichment of gene expression changes associated with inflammatory stimuli in NOD mice ( Figure 3B ). For example, genes upregulated in macrophages after IFN-γ stimulation were also higher in NOD DCs, and genes downregulated in DCs after LPS stimulation were lower in NOD DCs. PTGER4 was identified as the upstream regulator most likely to drive genes upregulated in NOD mice across all APCs populations ( Figure 3C ). LPS-stimulated expression of IL-1β, Nlrp3, and Ptger4 genes was measured and found to be higher in NOD spleen cells ( Figure 3D ). In fact, serum PGE2 levels showed a dramatic increase between week 3 and week 8, especially in NOD mice, which was consistent with cells secreting PGE2 ( Figure 3E and Supplemental Figure 3B ). Transcripts of Ptger4 were higher in 3-week-old NOD mice compared with B6.g7 mice (in sorted moDCs) but showed comparable levels at 8 week (Supplemental Figure 3 , C and E). No difference in the level of Ptegr2 transcripts was observed between the strains (Supplemental Figure 3D ). To determine protein expression levels of PTGER4, Western blot was performed on bone marrow-derived GM-CSF DCs, an in vitro model of moDCs (39, 40) , which showed higher PTGER4 expression in NOD mice compared with B6.g7 mice ( Figure 3F ). Interestingly, EP2 protein, which also can bind PGE2, was Values show individual mice, with mean ± SD. P values in A, C and D were calculated using t test. *P < 0.05, **P < 0.01. much lower in DCs from NOD mice ( Figure 3G ). Similarly, spleen cells from NOD mice showed higher PTGER4 protein expression (Supplemental Figure 4A ). These data suggest that increased PGE2-PTGER4 interactions in NOD may begin in early life and progress into chronic stimulation in adulthood, contributing to altered cytokine responses in NOD APCs that may contribute to pathologic inflammation.
NOD APC expression changes are enriched in human T1D IL-1-associated gene signatures. The gene and protein expression data in NOD APCs suggest that, despite early dominance of IFN-I responses, at later stages, IFNAR-dependent responses diminish and IL-1-associated inflammatory responses increase, which parallel observations in human T1D. To determine if these differentially expressed genes from prediabetic NOD APCs related to human T1D, we used GSEA to test if our DE gene list was also enriched in gene sets associated with T1D onset. We therefore applied GSEA to published microarray data sets from two studies (human trials) performed by Chen et al. (41) and Cabrera et al. (21) independently. The gene set published by Chen et al. was derived from responder PBMCs stimulated with sera from T1D patients or healthy controls (41) . As shown in Figure 4A , GSEA showed that genes upregulated in human T1D at the time of onset were similarly upregulated in NOD moDCs. A second analysis was performed comparing a gene set derived from responder PBMCs cultured with sera from diabetic patients who were treated with IL-1R antagonist (21) . Interestingly, DE genes from NOD moDCs showed a highly significant negative correlation with the genes that were upregulated or downregulated after IL-1R antagonism in humans ( Figure 4B ). Unlike IFN-I response genes, which have been well defined, the set of gene expression changes Comparison was made between NOD and B6.g7 mice; P values were calculated using t test. Data show mean ± SD. (F and G) Protein expression level by Western blot of PTGER4 and PTGER2 in bone marrow-derived DCs from NOD and B6.g7 mice, from 0-4 hours after LPS (500 ng/ml) stimulation. Relative quantification of bands normalization to HSP90 is indicated underneath. *P < 0.05, **P < 0.01.
resulting from IL-1R signal are not as well characterized. Therefore, these data also add to our analysis by showing that IL-1R-dependent gene expression is higher in prediabetic NOD APCs, parallel to the analysis in Figure 1E , showing decreased IFNAR-dependent gene expression. This suggests that the inflammatory signature observed in NOD APCs is IL-1-dependent and matches human T1D pathogenesis. Interestingly, these sets of genes contained IFN-I-related genes, suggesting that the inhibitory effect of IL-1 on gene expression downstream of IFNAR is consistent between humans with T1D and prediabetic NOD mice.
PGE2-PTGER4-driven signals are inflammatory in NOD mice. Identification of PTGER4 as an upstream regulator of NOD differential gene expression, and increased PTGER4 expression in NOD DCs, led us to investigate the effect of PTGER4-mediated signaling on NLRP3 and IL-1 production. PGE2 binds PTGER4 and can modulate LPS-stimulated NLRP3 or IL-1 levels (31). To understand the role of this signaling axis in NOD mice, we treated splenocytes with LPS for 4 hours, followed by stimulation with ATP to activate inflammasome (1 hour) and PGE2 (30 minutes), and measured the expression of IL-1 and NLRP3 protein by Western blotting. As shown in Figure 5 , A and B, adding PGE2 to LPS and ATP enhanced IL-1 and NLRP3 levels in NOD mice. PGE2 decreased IL-1 and NLRP3 in B6.g7 mice, matching a published study using human macrophages from healthy donors (31) (Supplemental Figure 4B) . Ex vivo treatment of cells with the PTGER4 antagonist, grapiprant, reduced IL-1 and Nlrp3 gene expression (enriched CD11C + cells from spleen) ( Figure 5C ) and the percentage of IFN-γ + CD4
+ T cells (spleen cells) ( Figure 5D ). Grapiprant can reduce inflammation and is an approved therapy for arthritis in dogs (42) . Together, these results suggest that PGE2-PTGER4 signaling in NOD mice contributes to an elevated level of multiple inflammatory molecules. Next, we asked whether the PGE2 signaling could alter the IFNAR signaling pathway and change IFN-I gene expression. Cells pretreated with PGE2 and stimulated later with IFN-α showed no effect on IFN-I-induced STAT1/STAT2 levels in NOD mice (Supplemental Figure 4C) . Interestingly, pretreatment with PGE2 decreased STAT1 but not STAT2 in B6.g7 mice. Therefore, under chronic autoimmune conditions, in vitro PGE2 treatment does not alter IFN-I-induced STAT1 or STAT2 molecules.
In vivo blocking of PTGER4 increases IFNAR signaling and reduces Nlrp3, IL-1β, and IFN-γ levels. We next sought to elucidate the interplay among IFN-I, IL-1, inflammasome and PGE2 pathways in vivo. Thus, we treated NOD mice in vivo chronically (4-8 weeks) with grapiprant to block PTGER4-mediated inflammatory signals and to determine the effect on IFNAR signaling. We also treated age-matched NOD mice with anti-IL-1R antibody to block IL-1-mediated signaling. Inhibition of PTGER4 or IL-1R starting at 4 weeks significantly improved IFNAR signaling in late prediabetic 8-to 10-week-old NOD mice, as demonstrated by the increased expression of tonic-sensitive Irf7, Ifit1, Mx1, Stat1, and Stat2 in the spleen ( Figure 6A ). In addition, nuclear STAT1 levels were increased after in vitro stimulation with IFN-α in CD11C
+ cells ( Figure 6B ). Interestingly, compared with blocking IL-1R, PTGER4 antagonist had a greater effect on IFNAR signaling. Next, (21) showing that genes expressed at lower (n = 368) or higher levels (n = 160) with IL-1R antagonist treatment of individuals with new-onset T1D negatively correlate with DE genes from NOD APCs. NES, normalized enrichment statistic. Nominal estimated P values determined using GSEA software.
the effect of PTGER4 antagonist treatment on IL-1 or other inflammatory molecules was tested. As shown in Figure 6C , in vivo PTGER4 blocking significantly inhibited IFN-γ transcript levels in lymph nodes, especially the pancreatic draining lymph node. In enriched CD11c + DC lysates prepared from in vivo treated mice (with or without PTGER4 inhibitor), PTGER4 inhibition reduced IL-1 protein levels ( Figure 6D ). Together, these data support the conclusion that PTGER4 signaling contributes to balancing IL-1 and IFN-I signals and blocking PTGER4 corrects some of the innate imbalance we identified in NOD APCs.
PTGER4 blocking increased the number of healthy islets and decreased autoreactive T cell proliferation in NOD mice. To determine if the PTGER4-mediated shift in innate inflammatory responses altered adaptive autoimmune responses, proliferation of islet-specific T cells in response to endogenous antigen was measured after in vivo blocking of PTGER4. BDC2.5-transgenic CD4 T cells labeled with cell tracer dye were injected into 8-week-old NOD mice treated with grapiprant from week 4-8 or untreated NOD controls. At day 6 after transfer, BDC2.5-transgenic CD4 T cells in the pLNs of grapiprant-treated mice showed significantly less proliferation compared with control mice ( Figure 7A ). Consistent with these data, PTGER4 inhibition in NOD mice also reduced islet immune infiltrate. Grapiprant treatment substantially reduced autoimmune pathology, as shown by both a statistically significant decrease (P < 0.01) in insulitis score and an increase in the numbers of healthy islets ("0" score) that are free of lymphocytes compared with the untreated mice ( Figure 7B ). These data suggest that PTGER4 inhibition improves autoimmune pathology by modulating the balance of inflammatory IL-1/IFNAR signaling ( Figure 7C ) and reducing autoreactive T cell activation and migration.
Discussion
Most studies on the role of IFN-I in the context of autoimmune diabetes have focused on the early events, corresponding to the initial loss of self-tolerance, that occur before the chronic autoimmunity and pathogenic T cell response is established. In this study, we sorted 5 specific subsets of APCs taken from adult prediabetic NOD mice and age-matched diabetes-resistant B6.g7 mice and show downmodulation of IFN-I response. The tonic-sensitive subset of ISGs, which is highly sensitive to canonical IFNAR signaling, drives most of the observed IFN response of downregulation. This alteration of IFNAR signaling in NOD mice affects all 5 APC subsets analyzed, with expression of IFN-related tonic-sensitive genes at about 50% of the level found in controls. Tonic-sensitive gene expression was lower even in NOD Rag -/-mice compared with B6 Rag -/-mice, showing that this innate imbalance is independent of the adaptive autoimmune process and may contribute to the development of pathogenic T cell responses. A blocking IFNAR antibody given after chronic innate immune signals actually accelerates diabetes, which contrasts with prior studies showing that early IFNAR blocking protects from diabetes and suggests a shift in the balance of innate signals. In addition, at this age, NOD PGE2-driven IL-1-dominant proinflammatory signals increase. PGE2 primarily binds EP2 and PTGER4 on immune cells, and NOD APCs have higher PTGER4 and lower EP2 protein expression compared with B6.g7 mice. Most strikingly, when we block PGE2-PTGER4 signals, multiple cytokines pathways were affected, with decreased IL-1 and IFN-γ and increased IFNAR signaling. Importantly, in vivo inhibition of PGE2-PTGER4 during chronic autoimmunity corrected the impaired IFN-I signals and inhibited pathogenic T cell IFN-γ production and islet infiltration. At this age, blocking IFNAR signaling exacerbates Th1 responses, increasing IFN-γ-secreting T cells, suggesting that IFN-I may limit disease in already established organ-specific autoimmunity. Analysis of human T1D data sets showed parallel innate changes. Together, this suggests that innate changes of T1D may be more similar to those of multiple sclerosis, in which IFN-β is an efficacious treatment (43), and not lupus, in which IFN-I is likely a pathogenic signal even in established disease (44) .
IFN-I is critical for the initiation of autoimmunity, as shown by inhibition of diabetes development when NOD mice are treated with anti-IFNAR from 2-4 weeks (5). Early blockade of IFNAR, at a time when the immune cell compartments are developing and chronic stimulation has not yet occurred, increases the number of immature DCs and production of the immunoregulatory cytokines IL-10 and IL-4 (5, 45, 46). IFN-I can regulate T cell function and promotes T cell-mediated IL-10 production (47, 48) but can also limit IL-10 production by activated monocytes under chronic stimulation (49) . Thus, the outcomes of IFN-I production or action may change depending on the type of immune cells and its developmental and activation state. Transient increases of IFN-I signatures have been observed early in both humans (at time of autoantibody seroconversion) and mice (at first appearance of autoreactive T cells in the pancreas); these signals can decrease later, as observed in human T1D at the onset of diabetes (7, 8, 38) . In this context, our recent study with in vivo CpG-A stimulation in adult prediabetic NOD mice showed that CpG-induced IFN-I responses are muted (lower expression of CD86 and CD80), even as IFN-I levels are increased (6) . This likely indicates the appearance of negative regulatory pathways affecting downstream IFN gene expression as a result of chronic IFN-I signaling. Therefore, failure to induce an optimal response to IFN-I could contribute to pathogenesis at this later stage. In fact, once the autoimmune response is established, IFN-I treatment can suppress autoimmune pathology (50, 51) . Similarly, we measured more IFN-γ-producing T cells when IFNAR signaling was blocked from 6-8 weeks of age. Our results, together with the previous observations, highlight the importance of IFN-I in reducing autoimmune pathology in the prediabetic NOD mice.
Chronic inflammation is present in NOD mice, can begin as early as 3 weeks of age, and could alter IFN-I responses over time. In other contexts, such as chronic viral infection, the continued presence of elevated IFN-I signal can lead to downmodulation of immune responses (52) . The Mathis-Benoist lab recently defined a set of tonic-sensitive ISGs, showing different clusters of ISGs in relation to cell-type specificity, kinetics, and sensitivity to tonic IFN signals (37) . IFN-I is produced constitutively at very low levels, even without any external stimulation, and the response to this tonic IFN is critical for normal IFN-I responses (53) . In adult prediabetic NOD mice, tonic signal-dependent ISG expression was greatly reduced in all major APC subsets, perhaps as a result of elevated chronic IFN-I levels. When we modeled low-dose chronic IFN treatment in B6.g7 mice by implanting osmotic pumps that provide continuous delivery, a small decrease in IFN response was observed (data not shown). The expression of tonic-sensitive ISGs is impaired less in pDCs compared with other APCs, and pDCs also are not as enriched in proinflammatory pathways as other NOD APCs. This lower inflammatory tone in NOD pDCs could make these cells a good target for antigen-specific tolerance approaches. Although this requires further study, one possibility is that pDCs are more refractory to chronic IFN signals and are one source of the sustained increase in IFN. In contrast, these circuits are downmodulated in other cell types, including APCs that do not produce IFN-I. Because even unfractionated spleen cells displayed impaired IFN responses, this innate alteration may also occur in lymphocytes and may result in downmodulation of regulatory pathways such as IL-10 production.
IFN-I signals can be kept in check by other types of inflammatory signals, so we also focused on pathways that were significantly increased by prediabetic conditions and likely to counterregulate IFN-I, including IL-1 (54). Although IL-1 is associated with T1D pathogenicity (16), blocking IL-1 signal alone does not prevent T1D progression (20) . Yet, IL-1 can be an important component of inflammatory immune responses flaring out of control. Recently, investigation on IL-1-IFN-I cross-talk during mycobacterial infection revealed that IL-1 inhibits IFN-I production through eicosanoids (24) . IL-1 and IFN-I counterregulate each other, and both signals can be important for immune activation (24, (54) (55) (56) . Therefore, in some chronic autoimmune environments, less IL-1 but more IFN-I may limit immune pathology. This concept may be relevant to autoimmune diabetes as prediabetic NOD showed significant enrichment with human IL-1-dependent gene signature, and the enrichment was reversed with the blockade of IL-1R. Therefore, our data unveil a complex cytokine interplay in prediabetic NOD mice, in which PGE2 enhances IL-1 production, perhaps via NLRP3 inflammasome activation (12) . In contrast, the effect of PGE2 in diabetes-resistant B6.g7 mice is rather inhibitory to NLRP3 inflammasome and IL-1 production. Therefore, PGE2-PTGER4 signaling in NOD mice contributes to increased inflammatory responses in NOD mice.
In vivo blocking of IL-1R by treating NOD mice with anti-IL-1R specific antibody enhances IFNAR signaling. Thus, crosstalk between IL-1 and IFN-I signals occurs in both infectious disease and autoimmune settings but may be regulated differently by PGE2-related signaling. Patients with T1D have increased plasma and urinary PGE2 levels (29, 57) , and the PGE2-PTGER4 interaction is directly linked with inflammation (25) . Here, we measured increased NOD PGE2 levels and found enhanced levels of PTGER4 expression in NOD APCs, together with other inflammatory molecules, including IL-1, suggesting the establishment of PGE2 and IL-1 as dominant innate signals in prediabetic NOD mice. PGE2-PTGER4 can have divergent effects on cellular response to cytokine production due to the activation of cAMP (58) . cAMP acts on multiple cytokine and chemokine signaling pathways, including activation of IFN-γ and Th1 differentiation (59) . In T1D, IFN-γR signaling increases diabetogenic CD8 + T cells that selectively destroy β cells (60) . Importantly, PTGER4 inhibition in NOD mice resulted in a reduction of the inflammatory burden mediated by IL-1 and IFN-γ but an improvement in IFN-I response and related regulatory pathways. In conclusion, we have shown that the prediabetic stage is associated with diminished tonic-sensitive IFN-I responses that are counterregulated by increased prostaglandin and IL-1 innate mediators. Although blockade of IL-1 signaling alone could enhance IFN-I response, this did not alter autoimmune pathology. Interestingly, PTGER4 inhibition corrects the innate immune dysregulation and results in inhibition of autoreactive T cell proliferation and preserves β cells in the islets. Therefore, modulation of the PGE2/PTGER4 axis may be useful for correcting an imbalance between IFN-I and IL-1 innate signals and for treatment of T1D.
Methods
Mice. NOD, B6.H2g7 (B6.g7), and RAG1 -/-mice in both B6 and NOD backgrounds were purchased from Jackson Laboratories and bred in the NIDDK animal facility. Animals were housed in specific pathogenfree conditions and handled according to the guidelines provided by the Animal Care and Use Committee of NIDDK at the NIH. The B6.g7 congenic strain is on the B6 background but carries the NOD-derived H2g7 haplotype. Age-matched female 8-to 10-week-old mice, with 3-4 mice/group, were used in all experiments except where indicated.
In vivo treatment. NOD mice at 4 weeks of age were treated with grapiprant (MedChem Express), a member of the piprant class of compounds that is a highly selective antagonist of PTGER4, orally every day until mice were 8 weeks old. Grapiprant was formulated in PBS + 30% DMSO, and mice were fed 10 mg/kg body weight. Anti-IL-1R specific antibody (clone JAMA-147, BioXcell) was injected at 50 μg/kg body weight i.p. daily for 4 weeks in a separate group of NOD mice. Anti-IFNAR-specific antibody (clone MAR1-5A3, BioXcell) or isotype-matched control monoclonal antibody (GIR-208, BioLegend) was injected twice in a week (200 μg/mouse, i.p.) for 2 weeks (week 6-8) in some groups of mice.
Isolation of APCs from lymphoid organs. Spleens, pLNs, and skin lymph nodes were harvested separately as described by Dong et al. (34) . DCs or other APCs were enriched in the mixed cell population from individual spleens and lymph nodes with Collagenase III digestion (Worthington) as described by Guerrero et al. (61) . Cells were then strained using a 60-μm filter to obtain a single-cell suspension. Single-cell suspensions were then stained with appropriate antibodies and identified by flow cytometry for cell sorting or analysis of expression of molecules.
Flow cytometry. Isolated cells were blocked with anti-CD16/32 (Fcγ R III/II, BioLegend) and stained with appropriate antibodies against surface proteins in PBS with 2% FCS as previously described (61) .
In some experiments, intracellular proteins were stained after fixation and permeabilization using fixation and permeabilization buffers from eBioscience. For intracellular IFN-γ staining, cells were incubated with brefeldin A (1×, Biolegend) for the last 4 hours of PMA and ionomycin stimulation. Cells were fixed and permeabilized and stained with appropriate antibodies.
The following antibodies were used: anti-CD3 (145-2C11), anti-CD11b (M1/70), anti-CD11c (N418), anti-CD49b (DX5), anti-Ly6C (HK1.4), anti-Ly6G (1A8), anti-Siglec-H (clone 551), anti-CD8, anti-IFN-γ (XMG1.2), and anti-IFNAR (MAR1-5A3) from BioLegend. Brilliant Violet 510-conjugated streptavidin (BioLegend) and Pacific Orange-conjugated streptavidin (Life Technologies) were used to detect biotinylated antibodies, and Aqua Dead Cell Stain (Life Technologies) was used to gate on viable cells. Fluorescence minus one controls include all fluorophores except the color being analyzed. Samples were collected on a BD LSRII flow cytometer with 3 lasers, and analyzed using FlowJo software 9.8.2 (Treestar). Sorting was performed in NHLBI flow core facility at NIH. Flow cytometry gating for 5 different APC subsets, CD8a + , DCIR2 + , IAg7, Ly6C, and pDC, was followed as previously described (34) . Briefly, spleen lymphocytes were gated first for live and lineage -populations (negative for CD3, CD19, Ly6G, NKP46 hi (almost all cells are high) and then separated by using DCIR2 and CD8α for sorting DCIR2 + (cDC2) and CD8α + (cDC1) subsets. Cells were sorted on a BD FACSAria II cell sorter and immediately lysed with PicoPure RNA extraction buffer. Cell lysates were kept frozen at -80°C. Total RNA was extracted using the Arcturus PicoPure RNA isolation kit (Thermo Fisher Scientific) per the manufacturer's protocol.
Low-input RNA sequencing libraries were generated from about 300 pg total RNA using the SMARTseq v4 Ultra Low Input RNA kit (Clontech). All samples were subjected to 14 PCR amplification cycles to minimize PCR biases (62) . Amplified cDNA libraries were later fragmented through sonication to obtain 200-to 500-bp fragments. Standard Illumina sequencing libraries were prepared using the Rubicon Thru-PLEX DNA-seq kit (Rubicon Genomics) according to manufacturer's protocol. Sample barcoded libraries were sequenced on Illumina's NextSeq 500 instrumentation using NextSeq 300 Cycle Kit, High Output, V1 reagents (Illumina), and data analysis workflow (bcl2fastq v2.17.1.14) to obtain 150-bp paired-end reads.
Data analysis. Paired-end RNA sequencing reads were trimmed to remove Illumina's adapter sequences and were further processed to remove poor quality reads and/or reads mapping to mouse rRNA and tRNA sequences using ArrayStudio package (http://www.omicsoft.com/array-studio). The following criteria was used to remove poor quality reads. First, reads with base quality score (Sanger quality score) <10 were trimmed. Then, reads were filtered out if either trim length is <25 bp, maximal base quality score is <15, average quality score is <10, or poly AGCT rate is ≥ 80%. The pair was filtered out if either read failed the filtering criteria. The sequencing data have been deposited in the NCBI Gene Expression Omnibus under accession GSE104644.
Sequencing reads were aligned to the mouse reference genome (build38) using OSA version 4 (63) . To obtain transcript counts data, RSEM package (64) and NCBI mouse RefSeq gene model (released July 2015) annotations were used. Transcripts with 0 counts in more than two-thirds of the samples were discarded from downstream analysis to reduce noise in the expression data. Filtered counts data were later normalized using quantile normalization and differentially expressed transcripts were identified using Limma Voom (65) . Batch effects were removed using ComBat (from SVA R package) after conversion to CPM within the Voom function but before calculation of precision weights. Combat was used with defaults, no covariates, and for each subset separately. DE genes were determined using Limma's eBayes and topTable functions, utilizing the precision weights calculated from Voom normalization. A P value cutoff of 0.05 was used to classify transcripts as differentially expressed in treatment condition. Upstream regulator and pathway analyses on differentially expressed transcripts were performed using QIAGEN's IPA (https:// www.qiagenbioinformatics.com/).
IPA. IPA analysis was done with the DE genes and sorted the enriched pathways for all the APCs based on P values and Z score. Fold change values were used for IPA analysis for the identification of direction of most enriched pathways, either activated or inhibited. Z score cut off >1.5 and P >0.05 were set as criteria to define which pathways were linked with the prediabetic conditions of NOD mice. Pathway analysis settings, including 140 molecules per network and 25 networks per analysis, a causal network that is related to IFN and inflammation, a mammal species molecular network with stringent filter selected, and DC-like cell types for tissue type, were selected. Multiple and duplicate transcript isoforms for a single gene were resolved by using the isoform with the maximum fold change. Rag -/-RNAseq data analyzed by IPA also used these setting, but with a fold change cutoff of ±0.5.
Promoter motif enrichment analysis. Differentially expressed transcripts were screened for enrichment of known promoter motifs using Homer v.4.8. Results were obtained using the "findMotifs.pl" function with default settings to include a P value threshold of 0.1 and promoter regions defined as -300 to +50 bp from the TTS. Homer Motif Database, containing over 330 motifs, was the only collection of motifs used for the known enrichment analysis (66) . Results reported are all "known motif enrichment" results. Fold enrichment in the motif figure ( Figure 1D ) depicts the percentage of promoters of transcripts with lower expression in NOD mice than B6.g7 mice that have at least 1 occurrence of the motif divided by percentage of promoters from the remainder of the genome with at least 1 occurrence of the motif.
Motifs enriched in the promoters were taken from the list of genes with expression that was significantly lower in NOD mice than in B6.g7 mice. Motifs that were presented passed the P value cutoff of 0.05 in at least 4 of the DC subsets.
Gene set enrichment analysis. Gene set enrichment analysis was performed using the Broad Institute's GSEA software (version 3.0 Beta 2) in combination with a subset of gene sets from the Immunologic Signatures collection of the Molecular Signatures Database (MSigDB database v5.2). The collection was filtered to exclude gene sets that compare one cell type to another cell type and any T cell gene set. Only gene sets comparing different conditions between the same cell type were used. The tonic-sensitive gene set from Mostafavi et al. (37) was added to the collection for the purposes of comparing the enrichment to other gene sets. The GSEA-preranked procedure was used for the analysis using the "classic" enrichment statistic (67, 68) . All other parameters were set to default. RefSeq IDs converted to current official MGI gene names and human ortholog HUGO gene names Downloaded from http://insight.jci.org on February 24, 2018. https://doi.org/10.1172/jci.insight.97843
were obtained from MGI website. Genes with the same HUGO gene name (isoforms of same gene) were collapsed/resolved by using the one with the largest fold change.
Prerank metric. Results from our RNAseq experiment were ranked so that genes with adjusted P values below 0.1 were on the peripheries of the ranked list, while everything in between was sorted based on adjusted P value. The genes on the peripheries of the ranked list were sorted by fold change, with the largest fold change magnitudes furthest from the center of the rank. Two gene sets were generated from data reported by Cabrera et al. (21) . The clinical trial expression profiling data were generated after treating recent-onset T1D patients in vivo with either IL-1R antagonist treatment or placebo. Sera collected from these patients was then used to stimulate responder PBMCs. Expression profiling of the PBMCs was then performed. The significant DE microarray probes from IL-1R antagonist treatments (AIDA clinical trial) were separated into probe sets with either increased or decreased detection, as reported by Cabrera et al. (21) . Two gene sets were generated from data reported by Chen et al. (41) . Their expression profiling data, similar to that of Cabrere et al., was generated after using sera from recent-onset T1D patients and unrelated healthy controls to stimulate healthy responder PBMCs.
For each probe set from data reported by Cabrera et al. (21) and Chen et al. (41) , only probes with unambiguous gene annotations (probes mapping only to 1 gene) were used. After removing duplicate HUGO gene names, 4 gene sets resulted: (a) genes with increased expression in recent-onset T1D compared with unrelated healthy controls, (b) genes with decreased expression in recent-onset T1D compared with unrelated healthy controls, (c) genes with increased expression upon IL-1R antagonist treatment, and (d) genes with decreased expression upon IL-1R antagonist treatment. GSEA was performed with these 4 gene sets on our preranked RNAseq data as described in GSEA methods section.
PGE2 ELISA. PGE2 quantification was based on the forward sequential competitive binding technique in which PGE2 present in a sample competes with HRP-labeled PGE2 for a limited number of binding sites on a mouse monoclonal antibody as described by the manufacturer (R&D Systems). Serum and culture supernatants were diluted 1:5,000 or 1:5, respectively, and added to the wells. Following washings, substrate solution was added and the intensity of the color was recorded at 450 nm. The color was inversely proportional to the concentration of PGE2 in the sample.
Western blot analysis. Where indicated, total spleen cells or CD11C + cells (5 × 10 6 ) were stimulated in serum-free media with LPS (1 μg/ml) for 4 hours, followed by 30 minutes of PGE2 (1 μM) and, finally, an 1 hour of ATP (31) . Where indicated, spleen cells were stimulated with IFN-α (50 U/ml). Protein samples were fractionated on a NuPAGE 4-12% or 12% Bis-Tris gel (Invitrogen) and blotted onto a nitrocellulose membrane (Invitrogen). A panel of different primary antibodies against PTGER2 (LifeSpan Biosciences Inc.); PTGER4 (Novus Biologicals); and STAT1, STAT2, IL-1β, NLRP3, Caspase-1, Lamin B, and HSP90 from Cell Signaling were used in the experiments with species-matched HRP-labeled secondary antibody. Western blots were developed using an enhanced chemiluminescence system according to the manufacturer's instructions (Amersham Biosciences). The results were visualized by the ChemiDoc Touch Gel and Western Blot Imaging System (Bio-Rad). Data were subjected to densitometric analysis using Image Lab software included with the ChemiDoc.
Confocal microscopy and quantification of nuclear localization of STAT proteins. Formaldehyde-fixed (4%) (Electron Microscopy Sciences) splenocytes (with or without IFN-α prestimulation for 30 minutes) were air dried on the superfrost microscopic glass slides and blocked with 4% normal goat serum before over night incubation with primary antibodies: rabbit monoclonal STAT1 (D1K9Y, Cell Signaling), rabbit polyclonal STAT2 (Cell Signaling), and hamster CD11c (Biolegend). Species-matched secondary antibodies (conjugated with flurochrome dye Alexa Fluor 594 or Alexa Fluor 488) were added for 2 hours. The slides were washed, air dried, and mounted directly by VECTASHIELD antifade mounting medium with DAPI (Vector Laboratories). Tissue sections treated without the primary antibodies were used as controls.
Images were taken with a Zeiss confocal microscope (Nikon Instruments), and 10-15 fields per condition were analyzed with ImageJ (NIH). An algorithm was developed and used in ImageJ to quantify nuclear STAT1 intensity in cells that were positive for STAT1 and CD11c. CD11c + cells were defined as cells with a ring of CD11c signal, and nuclear area was defined by DAPI signal. A total of 100-150 CD11c + cells was analyzed to quantify the nuclear localization of STAT1.
Quantitative gene expression analysis. For qPCR, total splenocytes or CD11c + splenocytes were bead-enriched by negative selection using biotinylated antibodies specific for CD3, CD19, NKp46, and Ly6c, followed by anti-biotin magnetic beads according to the manufacturer's instructions (Miltenyi Biotec). Statistics. Homoscedastic 2-tailed t tests were performed for most analyses when comparing two independent groups. Where indicated, 1-way ANOVA with Bonferroni post-test was used for multiple group comparisons. P values of less than 0.05 were considered as significant.
Study approval. All animal procedures were approved by the NIDDK Animal Care and Use Committee under the animal protocol ASP K024-DEOB-13.
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